ABSTRACT A sulfated cell surface glycoprotein with an apparent molecular weight of 185,000 is synthesized in the multicellular organism Volvox only during the limited period ofembryogenesis. The lifetime of sulfate residues on this glycoprotein is very short (half-life about 20 min). Production of this sulfated glycoprotein sharply decreases to a minimum shortly before the onset of the differentiating cell cleavage-e.g., in asexual development, before the 32-cell embryo divides. It is demonstrated that the sulfated glycoprotein behaves in many respects as would the hypothetical cell surface component postulated by a recently published model [Sumper, M. (1979) We recently have shown that a model that is essentially based on a single assumption is able not only to explain the counting mechanism but also to predict correctly the spatial arrangement ofthe reproductive cells within the developing embryo (9). The only assumption made by our model is the existence ofa limiting amount of a specific cell surface component that mediates cellto-cell contacts. Such surface components have been detected in a number of different multicellular organisms (10, 11). The pool of such a surface component would be out-titrated by contact formation at a sharply defined stage ofdivision, because the number of cell contacts increases exponentially during embryogenesis. If, for instance, this event occurs at the stage of the 16-cell embryo, then the subsequent cleavage divides the embryonic cells into two subclasses: 16 cells being equipped with this specific cell surface component and another 16 cells lacking it. If the absence of this cell surface component signals the unequal cell cleavage, a number ofcharacteristic features ofVolvox embryogenesis can be correctly predicted by the model.
ABSTRACT A sulfated cell surface glycoprotein with an apparent molecular weight of 185,000 is synthesized in the multicellular organism Volvox only during the limited period ofembryogenesis. The lifetime of sulfate residues on this glycoprotein is very short (half-life about 20 min). Production of this sulfated glycoprotein sharply decreases to a minimum shortly before the onset of the differentiating cell cleavage-e.g., in asexual development, before the 32-cell embryo divides. It is demonstrated that the sulfated glycoprotein behaves in many respects as would the hypothetical cell surface component postulated by a recently published model [Sumper, M. (1979) FEBS Lett. 107, 241-246], which proposes an explanation for the cell-counting mechanism and the spatial control of differentiation that is operative in Volvox embryogenesis.
The colonial green flagellates of the genus Volvox present an interesting model for studying the control of cellular differentiation (1) (2) (3) . With only two different types ofcell, Volvox is one of the most primitive multicellular organisms. Asexual colonies of V. carteri differentiate into 2000-4000 somatic cells with no potential for further division and only [8] [9] [10] [11] [12] [13] [14] [15] [16] reproductive cells (gonidia). The somatic cells are always the same in structure and function, but the reproductive cells may differ in number, position, and function, depending on whether the individual is asexual, male, or female. The development ofall types of spheroids-asexual, male, and female-is through successive divisions of the asexual reproductive cells (gonidia).
In the developing asexual embryo differentiation into somatic and reproductive cells is seen at the division from 32 to 64 cells (4) (5) (6) . At this stage, 16 Under the influence of a sexual inducer, this developmental program is modified (7, 8) : In female strains, the differentiating cleavage is shifted to the 64-cell stage. At the division to the 128-cell embryo, 32 (or a few more) cells divide unequally, forming 32 (or a few more) egg initial cells. In a male strain, the differentiating cleavage is even more delayed under the influence of the sexual inducer. Differentiation into sperm-producing cells (androgonidia) and somatic cells occurs at the final division, which in male embryos is usually encountered at the 128-or 256-cell stage. Obviously, some sort ofcell-counting mechanism is operative during embryogenesis, telling a cell that the embryo is in the 2-, 4-, 8-, .. .2n-cell stage. Besides this cell counting problem, the embryogenesis ofVolvox presents the problem of pattern formation in fascinating simplicity. The spatial arrangement of the reproductive initials within the embryo is exactly controlled, resulting in a highly regular positioning.
We recently have shown that a model that is essentially based on a single assumption is able not only to explain the counting mechanism but also to predict correctly the spatial arrangement ofthe reproductive cells within the developing embryo (9) . The only assumption made by our model is the existence ofa limiting amount of a specific cell surface component that mediates cellto-cell contacts. Such surface components have been detected in a number of different multicellular organisms (10, 11) . The pool of such a surface component would be out-titrated by contact formation at a sharply defined stage ofdivision, because the number of cell contacts increases exponentially during embryogenesis. If, for instance, this event occurs at the stage of the 16-cell embryo, then the subsequent cleavage divides the embryonic cells into two subclasses: 16 cells being equipped with this specific cell surface component and another 16 cells lacking it. If the absence of this cell surface component signals the unequal cell cleavage, a number ofcharacteristic features ofVolvox embryogenesis can be correctly predicted by the model.
A set ofexperiments supporting this model has recently been published (12, 13) . In particular, a sulfated 185-kilodalton (kDal) membrane component was detected that was shown to be a candidate for the postulated cell surface component. In this paper we provide further evidence for an embryonic control function of this sulfated cell surface component.
MATERIALS AND METHODS
Growth of V. carteri. V. carteri f. nagariensis female strain HK 10 and male strain 69-1 b from the Culture Collection of Algae at the University of Texas at Austin were a gift from L. Jaenicke (Cologne). The organism was grown in Volvox medium (14) as in ref. 8 . Illumination at 10,000 lux on a 16-hr light/8-hr dark cycle at 270C resulted in a synchronously growing culture. The "sterile" female strain 70-36 was a gift from R. Starr (University of Texas, Austin).
Pulse Labeling Experiments. A clonal culture of Volvox was obtained by inoculating one spheroid from a synchronously growing culture into a test tube with 10 ml of medium. After 4 days, shortly before release of daughter colonies, 3 out of the 16 colonies were transferred into a 1000-ml Fernbach flask containing 800 ml of Volvox medium. The medium was magnetically stirred at 100 rpm by using a Teflon-coated spinbar with a pivot ring. The medium was aerated by a gentle stream of air injected through a Pasteur pipette. Growth was continued for two further generations, resulting in a Volvox suspension containing 15 4 hr at 100'C. After borohydride reduction and acetylation, the hydrolysis products were analyzed by gas chromatography for the presence of neutral sugars. As shown by the gas chromatogram in Fig. 1 Fig. 7 ). This suggests a function for this component in the maturation of eggo cells.
DISCUSSION
A great dealoof work has pointed to the cell surface as an important site in the control of developmental processes. Experimental work attempting to more clearly characterize the nature of interactions involved is being pursued mainly in animal systems. The experimental advantages offered by the Volvox system, as, for instance, synchronous development oflarge embryo 185 kDal- (Right) Sexually induced female embryos.
Pulse labeling was carried out as in Fig.  4 . Total membrane fractions were applied to NaDodSO4/6%'polyacrylamide gels and visualized by~fluorography.
populations, availability of developmental mutants (19, 20) and simplicity ofcellular organization make it particularly useful for studying the importance of cell surface components.
The experimental results described in this paper demonstrate thatSSG 185 has at least-three ofthe properties postulated for the hypothetical cell surface component involved in the cellcounting mechanism according to our model: (i) SSG 185 is located on the cell surface, (ii) its production is essentially limited to the short period ofembryogenesis, and (iii) its net production reaches a minimum exactly one stage of division before the differentiating cleavage, indicating consumption of a precursor molecule at this time. However, one crucial property postulated by the model remains to be. established for SSG 185: its capacity to be trapped within the cell-to-cell contact area. This point can be checked experimentally by using antibodies against SSG 185 for immunofluorescence studies.
The observed correlation between SSG 185 production rate and developmental stage suggests but does not prove that SSG 185 synthesis is part ofthe determinative process.-Alternatively, the observed correlation could be a consequence of the determinative process. However, because out-titration of SSG 185 precedes the onset ofthe differentiating cell cleavage, this latter alternative is less probable.
The scheme of Table 1 The spatial positioning of those embryonic cells that are no longer repressed for unequal cleavage can easily be predicted from a two-dimensional drawing of the 16-cell embryo. As revealed by model-building studies, the two-dimensional representation of the 16-cell embryo originally proposed cannot be transformed to a sphere without severe steric hindrance. Folding without steric hindrance is possible only if 4 cells ofthe 16-cell embryo in the two-dimensional drawing are shifted towards the periphery as was done in the corrected cell configuration of Fig. 8 sulfated polysaccharides-e.g., heparin, chondroitin sulfates, and dermatan sulfates-has suggested important physiological functions for these substances (21). Dietrich et al. (22, 23) proposed a possible role of sulfated' mucopolysaccharides in cell recognition and adhesiveness in animal cells. Sulfated polysaccharides were also implicated in embryogenesis of sea urchins; it is assumed that synthesis of sulfated polysaccharides is an indispensable step for postgastrular development (24) (25) (26) . Studies on the embryogenesis of the brown alga Fucus led to the conclusion that the sulfation of polysaccharides (fucan) is a modification required for its localization into a specific region of the cell wall (27, 28) .
